We report a method for detection of recurring side-chain patterns (DRESPAT) using an unbiased and automated graph theoretic approach. We first list all structural patterns as sub-graphs where the protein is represented as a graph. The patterns from proteins are compared pairwise to detect patterns common to a protein pair based on content and geometry criteria. The recurring pattern is then detected using an automated search algorithm from the all-against-all pair-wise comparison data of proteins. Intra-protein pattern comparison data are used to enable detection of patterns recurring within a protein. A method has been proposed for empirical calculation of statistical significance of recurring pattern. The method was tested on 17 protein sets of varying size, composed of non-redundant representatives from SCOP superfamilies. Recurring patterns in serine proteases, cysteine proteases, lipases, cupredoxin, ferredoxin, ferritin, cytochrome c, aspartoyl proteases, peroxidases, phospholipase A2, endonuclease, SH3 domain, EF-hand and lectins show additional residues conserved in the vicinity of the known functional sites. On the basis of the recurring patterns in ferritin, EF-hand and lectins, we could separate proteins or domains that are structurally similar yet different in metal ion-binding characteristics. In addition, novel recurring patterns were observed in glutathione-S-transferase, phospholipase A2 and ferredoxin with potential structural/functional roles. The results are discussed in relation to the known functional sites in each family. Between 2000 and 50,000 patterns were enumerated from each protein with between ten and 500 patterns detected as common to an evolutionarily related protein pair. Our results show that unbiased extraction of functional site pattern is not feasible from an evolutionarily related protein pair but is feasible from protein sets comprising five or more proteins. The DRESPAT method does not require a user-defined pattern, size or location of the pattern and therefore, has the potential to uncover new functional sites in protein families.
Introduction
Structural biology is making rapid strides in terms of the technology, precision and speed with which protein three-dimensional structures are becoming available via X-ray crystallography, led to significant excitement 10, 20 and has led to the initiation of several ambitious structural genomics projects in different parts of the world. 1, 21, 22 Two distinct types of approaches are in use for the classification and analysis of protein 3D structures. The first approach deals with classification of proteins on the basis of overall structural similarity 23 -25 aimed at identifying structural neighbors, which in some cases may lead to common ancestral or functional relatedness. 26, 27 Examples of this approach are CATH 28 (which clusters proteins at four major levels, class, architecture, topology and homologous superfamily), SCOP 29, 30 (structural classification of proteins), and FSSP (fold classification based on structurestructure alignment of proteins). 24,31 -33 The second approach is based on detection of a known structural pattern of a small number of amino acid residues (typically three to six) in the protein structure. This is aimed at predicting function by identifying a well-defined functional site in a new protein structure. Several methods have been reported for this approach. Gregory et al. 34 have described a way of generating query templates using structural information from known metal-binding sites in proteins. This template is then used to search for additional potential metalbinding sites in the PDB databank. Similarly, Wallace et al. 35 have described a method for automatically deriving 3D templates for known active sites. In a graph theoretic approach, the computer program ASSAM searches for a user-defined pattern of a small number of amino acid residues in a protein structure. 36 The input pattern is considered as a set of pseudo-atoms for the start (S), midpoint (M) and end (E) of side-chain of each residue and stored as distances between the pseudo-atoms (i.e. the distances SS, SM, MM, EE, etc.). This pattern is then compared against all possible patterns of similar amino acid content in the protein of interest. In addition to a method for searching a user-defined structural pattern, Russell 37 has described an approach for extraction of structural patterns common to a protein pair.
Sequence signatures, derived from visual inspection or automated analysis 38 -41 are a well characterized feature of proteins. For example, the PROSITE, 42, 43 PRINTS 44, 45 and Blocks 46 databases provide an extensive survey of family/sub-familywise sequence signatures based on multiple sequence alignments. The highly conserved residues in the sequence signatures are thought to be important for function. Alternatively, function can be assigned to uncharacterized open reading frames (ORFs) based on detection of well-known sequence signatures. Some of these sequence signatures have been converted to structural signatures by superimposing the corresponding sub-structures in an attempt to define a 3D functional pattern. 47 The reported methods such as ASSAM 36 are useful for searching for a known pattern in a protein structure(s). However, their applicability is limited to the known functional patterns. Russell's method 37 of extraction of patterns common to a protein pair is limited, as several hundred common patterns emerge even in an evolutionarily related protein pair, which will necessitate a significant manual intervention to identify the biologically relevant patterns. We show that Russell's method 37 suffers from a high false negative rate at low RMSD cutoffs and a high false positive rate at high RMSD cutoffs. The PROSITE/PRINTS sequence signatures typically do not provide all the functional residues in a single motif as the functional site residues may be located far away from each other on the primary sequence.
To date, characteristic functional site patterns have been reported for a large number of protein families. Uncovering of such sites typically involves site-directed mutagenesis, binding of irreversible inhibitors, spectroscopic studies and examination of X-ray crystal structures. Historically, the functional sites have been detected experimentally in one member of the family and subsequently inferred for others on the basis of sequence/structure alignments. For example, the Ser/His/Asp catalytic triad was first discovered in chymotrypsin 48 and then subsequently found in other "trypsin-like" and "subtilisin-like" hydrolases 35, 49, 50 and lipases. 51, 52 Aspartoyl proteases are characterized by two Asp residues in a complex network of hydrogen bonds with other residues. 53 Among the other families considered here, the blue copper proteins are electron transfer proteins with a metal co-ordination site composed of three strong equatorial ligands Cys, His, His and one weak axial ligand, Met, Phe, Leu or Gln. 54 This is a distorted tetrahedral geometry. The classical zinc finger, one of the biggest families of transcription factors, is characterized by a Cys 2 His 2 metal co-ordination site. 55 EF-like proteins share a helix-loop-helix motif rich in Asp and Glu residues and bind a calcium ion. Large numbers of such functional site patterns have been reported and we believe that many more are yet to be uncovered. With the availability of a large number of non-redundant PDB structures for each family, we decided to carry out an objective assessment of the recurring patterns in protein families.
The method presented here detects structural patterns of small numbers of amino acid residues recurring in k proteins given an input of n proteins. The method generates all possible structural patterns in all the protein structures considered, and then detects the most frequently recurring pattern on the basis of content and geometric similarity. The patterns that are generated are independent of the primary sequence, which eliminates the requirement for sequence alignments. The method does not require any user-defined pattern and hence it is useful in detecting new patterns. The 17 protein sets in this initial study have been chosen on the basis of a common functional role, which can potentially contain a common functional site. In addition to confirming the known functional site patterns in each protein set, we detected novel patterns in three protein sets and detected additional residues in the vicinity of known functional sites in 14 sets. The potential applications of the method and implications of the results are discussed.
Algorithm
The input is the 3D structures of n proteins in PDB format. The adjustable parameters include the distance deviation cut-offs (for C a , C b , and functional atoms), the RMSD cut-off, the preferred size of the pattern if any (if the preferred size is not specified then all the patterns made up of three to six amino acid residues are considered), and k, the minimum recurrence frequency for a pattern to be reported. The algorithm consists of three broad steps: (i) processing of PDB files for detection of patterns; (ii) pairwise comparison of patterns; and (iii) detection of recurring patterns in a family of proteins. The details of the various steps of the algorithm are provided below.
Graph theoretic representation of protein 3D structure and detection of patterns A protein 3D structure is first represented as a labeled and weighted graph GðV; EÞ where the vertices, V, are the functional atoms from the sidechains of the amino acid residues (Figure 1 ). An edge exists between two vertices if they are within interacting distance (12 Å ). The vertices have labels (amino acid type) while the edges have weights (distances). Only one functional atom is considered per amino acid residue 37 in this graph theoretic representation. Also, residues with only hydrogen and carbon atoms in their side-chains (Ala, Phe, Gly, Ile, Leu, Pro and Val) are not considered in the analysis. These amino acid residues were found to have a low probability of being present in functional sites. 31 Likewise, cysteine residues involved in disulfide bonds are ignored in the analysis. The graph is stored in the form of an adjacency matrix, which is generated by first calculating the distance matrix and assigning true values for those pairs of nodes whose distance is less than 12 Å . The distance matrix for the functional atoms is generated readily from the co-ordinate information available in the PDB file.
Detection of patterns
A structural pattern is a complete sub-graph containing three to six nodes.
Step 1 involves detection of maximal complete subgraphs from the graph GðV; EÞ by applying a backtracking branch and bound algorithm as described. 56 The backtracking algorithm requires input of the graph in the form of an adjacency matrix Figure 1 . Schematic for detection of patterns of three to six amino acid residues (exemplified for 1cus): Graph theoretic representation of the protein as a graph GðV; EÞ where the vertices, V, are the functional atoms from the side-chains of the amino acid residues. An edge exists between two vertices if they are within interacting distance (12 Å ).
Step 1 involves detection of maximal complete subgraphs from the graph GðV; EÞ by applying a backtracking algorithm employing a branch and bound technique. 56 A pattern as defined here is a complete subgraph containing three to six nodes. Thus, a pattern typically is subsumed within a maximal complete graph. Therefore, step 2 involves enumeration of all possible patterns from the maximal complete subgraphs. One functional atom is used per amino acid residue as described. 37 The graph label is the PDB code for the protein (e.g. 1cus), while the vertex label is the chain number, amino acid residue position number and type (e.g. A102Ser).
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indicating the presence/absence of edges between various nodes. The algorithm first generates all maximal cliques. Then all possible patterns of size greater than 3 are enumerated from this maximal clique. An index is assigned to a pattern to denote the protein PDB code and labels of all the nodes that constitute the pattern. The patterns are listed and stored in a separate file for each protein.
Criteria for comparison of patterns from two proteins
For the purpose of comparison of structure, each pattern is considered as a geometric object made up of the C a and C b atoms for each amino acid residue, in addition to the functional atoms as described above (Figure 2 ). Patterns from two proteins are first compared for amino acid composition. The superposition of the two patterns then requires superposition of the respective atoms, which is evaluated by comparing the respective
, and functional atom-functional atom distances of one pattern with those of second pattern. The three distance matrices for the C a , C b and functional atoms are pre-computed and stored. The deviation in the respective distances is checked against the user-defined tolerance value. The comparison returns a true value only if all the deviations and the RMSD of the distances of the functional atoms are less than the respective tolerance values. The RMSD calculations were made following the procedure described by Russell. 37 The patterns found to be common in two proteins are listed and this exercise is repeated for all the proteins to obtain an all-against-all comparison of patterns from the proteins under consideration.
Detection of recurring pattern
A recurring pattern is defined as the pattern that is present in at least k (an input parameter) proteins such that for any pair of proteins the respective patterns match based on the criteria of the previous section. Our goal is to find all such recurring patterns in the given set of n proteins. This problem can be handled very easily using this graph theoretic representation of the patterns. A graph FðC; WÞ is constructed with the vertices as the patterns found in each protein ( Figure 3 ). An edge, W, exists between two patterns only if they are found similar using the criteria described above. The ðF; WÞ graph is then subject to another run of the clique detection algorithm. 56 The output of this algorithm is all maximal cliques in the graph. The cliques that contain at least k vertices are those that correspond to a recurring pattern. As one can imagine, this operation can be computationally very intensive if carried out as stated here. Our implementation uses a number of techniques to make this efficient. We describe some of these: (1) the maximal complete subgraph detection algorithm is executed on each type of pattern separately. For example, the patterns containing Ser/His/Asp are compared with patterns of identical content. Thus, an adjacency matrix is created for each type of pattern (say Cys/Cys/His, Asp/ His/Ser, Cys/His/Asn, etc.) (Figure 4(B) ). The total number of pattern types is 2197 (13 3 ) for patterns containing three amino acid residues and even larger for patterns containing four to six residues and hence the backtracking algorithm may still require a significant computational power. (2) We use the value of k that dictates the minimum size of a clique, to make the search for the maximal cliques efficient. A given graph F(C, W) can contain a complete subgraph of at least k nodes only if the graph F(C,W) contains at least k nodes that have degree at least equal to k. If this criterion is not satisfied, the graph can be omitted from the analysis and one can go to the next pattern type. Further pruning can be done by islanding and eliminating the nodes that are not likely to be part of a k maximal complete subgraph and then counting the degree of the nodes and applying the above pruning criteria in a repeated manner. The backtracking algorithm is applied only if a satisfactory graph is left after the above pruning steps. The algorithm returns the pattern type (SST, DHS, etc.) and the protein identities in which the pattern is recurring along with the pattern indices.
Protein set
A protein set is comprised of non-redundant representatives from a SCOP superfamily. 29, 30 The members of the SCOP superfamily are thought to be evolutionarily/functionally related. A total of 128 such sets was created with a minimum of ten PDB structures per set.
Estimation of statistical significance of a recurring pattern
The statistical significance is estimated by using n proteins chosen at random from a protein set and counting the number of distinct patterns, E, recurring in k proteins. An average value of E, taken over a large enough number of runs by randomly selecting a protein set (typically between 20 and 50) is plotted against k. The statistical significance is dependent on the number of proteins in the input, n, the recurrence frequency, k, and the size of the pattern, s.
Results

Detection of patterns
As a first step in the DRESPAT (detection of recurring side-chain patterns) program, ca 3000 PDB structure files of non-redundant representatives from 128 SCOP superfamilies were processed to extract the patterns form each protein. The steps involved are described in detail in Algorithm. For each PDB file, four processed files were generated to store: (i) the list of patterns detected in the given protein, and the atom to atom distance matrices for; (ii) the functional atoms; (iii) the C Clearly, the number of patterns detected is dependent on the quality of protein packing and the . Algorithm for detection of recurring patterns in a protein family. A protein family is represented as a graph FðC; WÞ where the vertices are the patterns, C, from all the proteins under consideration and an edge, W, exists between two patterns if they are found equivalent/similar. The set of vertices, C, can be partitioned into a number of subsets, which is equal to the number of proteins in the family. Detection of the most frequently recurring pattern is achieved by identifying the maximal complete subgraph(s) from the graph FðC; WÞ by applying a backtracking algorithm employinga branch and bound technique. 56 amino acid composition in addition to the protein size. A discussion on the dependence of the number of patterns on various parameters of the protein is beyond the scope of this paper. For proteins containing multiple chains, a fraction of the patterns were found to reside at the interface of the two chains. For example, the pattern 3SC2 DB338 HB397 SA146 contains Asp and His from chain B, and Ser from chain A. Thus, the program can detect patterns at the protein -protein interface.
Relative location of the patterns compared to the protein centroid Hydrophobic amino acid residues are ignored in the present pattern detection algorithm. Thus, our method is biased toward detecting patterns of polar/charged residues, which typically are found closer to the protein surface. As an example, for protein structure 1CUS, our analysis on distribution of distance between the pattern centroid and the protein centroid indicate that the majority of the patterns are 8 -20 Å from the protein centroid ( Figure 5 ). A similar trend is observed for other proteins. The protein centroid was chosen as an approximate location of the hydrophobic core, as it is difficult to pinpoint the exact location of the hydrophobic core without manual intervention. In fact, no pattern was detected within 5 Å from the protein centroid.
Pair-wise comparison of proteins, false positives and false negatives An analysis of pair-wise pattern comparison data of evolutionarily related protein pairs was carried out. As an example, we show the results for all possible protein pairs from the zinc-finger superfamily of the SCOP database, 29, 30 where the characteristic metal-coordination site is a Cys/ Cys/His/His tetrad. In addition to the Cys/Cys/ His/His tetrad, a large number of tetrads appear common to a protein pair at RMSD cutoffs of 1.0 Å ( Figure 6 ) as well as 0.1 Å (data not shown). In fact, no protein pair returned the functional site pattern as the only pattern common to the pair. To analyze the success rate of pair-wise comparison results in extracting the functional site pattern as the sole common pattern, we categorized the results as: (i) true positives (the pattern pair that is reported to be similar and is seen as similar in pattern comparison); (ii) false negatives (the pattern pair that is known to be similar but is seen as not similar in pattern comparison); (iii) false positives (any pattern pair other than the reported functional site pattern but detected as similar in the results). Our results show a very high false positive rate but a low false negative rate at RMSD cutoff of 1.0 Å (Figure 7(a) ). Clearly, the large number of detected similar patterns in an evolutionarily related protein pair is a consequence of the sequence/structure similarities between the protein pair. In other words, it would not be possible results were observed for other protein sets (data not shown).
The golden pattern
It is logical to expect that while there are a large number of common patterns in a protein pair, fewer patterns could be common in a larger protein set. Thus, it is of interest to determine the minimum number of PDB structures that are required in a protein set to extract the golden pattern, the functional site pattern, in an objective manner. Although a precise answer depends on the size and divergence of proteins, we have attempted to obtain an empirical estimate by submitting smaller sets, with three to nine proteins, to the DRESPAT program. For example, between two andseven tetrads are detected for sets comprising 
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three or four proteins from the zinc finger superfamily (Table 1) . However, only one tetrad, Cys/Cys/His/His, is detected when five or more proteins were submitted. For the cupredoxin superfamily, the Cys/His/His/Met/Asn pattern was detected as the sole pattern even with as few as three proteins in the input. The results for these two families, as well as other families (data not shown), indicate that the DRESPAT program can provide useful results with sets consisting of five or more proteins.
Statistical significance of the recurrence frequency of a pattern
It is important to collect the statistics of recurring patterns, since the protein sets are derived from SCOP superfamilies, whose members are thought to be evolutionarily/functionally related with significant structural similarity. Toward this end, n proteins, chosen at random from a SCOP superfamily, were used as input for the DRESPAT program to estimate the number of distinct patterns, E, with a frequency of recurrence k. A total of 128 SCOP superfamilies were used An average value of E was obtained by repeating the runs for randomly chosen SCOP superfamilies.
The E value is dependent on the number of proteins in the input (n), and the size of the pattern (triad, tetrad, pentad, etc.). Thus, to exemplify, the dependence of E on k (recurrence frequency) is shown for different values of n for tetrads ( Figure  8a ) and pentads ( Figure 8(b) ). In all the cases considered, the E value decreases exponentially with increasing k with R 2 values of greater than 0.98 for the exponential fit. The statistical data collected for different values of n was fit to obtain an empirical correlation between the E value and the values of n and k for tetrads (equation (1)), pentads (equation (2)) and hexads (equation (3) These equations can be used to obtain statistical From the zinc finger protein set, smaller sets were constructed by randomly selecting from three to nine PDB structures. Patterns of highest recurrence frequency are reported for each protein set. A similar procedure was followed for the cupredoxin protein set. For RMSD and deviation cutoffs, refer to the footnote to Table 2. significance of recurring patterns in test families. It may be noted that the empirical equations (1) - (3) are fit using n values between 10 and 70 and for k values of greater than 2. Hence, we caution against their use outside the prescribed range.
Results for functional role families
A total of 128 protein sets were created by selecting non-redundant representatives from SCOP superfamilies. We selected 17 protein sets of varying size in this initial study. Results of the DRE-SPAT program and the relevance to the known functional sites are presented below. The results have been broken into three artificial categories on the basis of the size of the protein set.
Large protein sets (more than 50 proteins) ( Table 2) Ser/His/Asp/Thr tetrad in serine proteases Pattern search programs have now detected the Ser/His/Asp triad in all serine hydrolases. 35, 36 Additional catalytic machinery involves alignment of one or two hydrogen bond-donating groups towards the likely position of the negatively charged oxygen atom (oxyanion hole) for stabilization of the tetrahedral transition state. In serine hydrolases, these hydrogen bond-donating groups are generally peptide nitrogen atoms, one of which belongs to the catalytic Ser residue. 57 Thus, it is logical to expect that the program DRESPAT would return the Ser/His/Asp catalytic triad as the most frequently recurring structural pattern. A Ser/His/Asp/Ser/Thr pentad was detected in 42 proteins, while a subset of the pentad, a Ser/His/ Asp/Thr tetrad, was found to recur in all the 60 proteins with potential biological significance of the Thr residue detected in addition to the wellknown triad. The side-chain of the Thr residue is within hydrogen bonding distance of the oxyanion hole. Figure 9 (a) shows the Ser/His/Asp/Ser/Thr pentad superimposed from three representative structures with the additional Ser and Thr residues within hydrogen bonding distance of the putative oxyanion. Catalytic tetrads composed of Ser/His/ Asp/Ser or Ser/His/Asp/Cys have been reported in serine proteases. 35,37,58 -60 However, we detected a Ser/His/Asp/Thr tetrad with a greater recurrence frequency.
EF-hand
These calcium-binding proteins share a helixloop-helix motif and have a seven oxygen atom calcium co-ordination sphere 61 with an approximate pentagonal bipyramidal geometry employing either amino acid side-chain carboxylate, amide and/or hydroxyl groups, a main-chain carbonyl oxygen atom and/or a water molecule. 61 We detected Asp/Asp/Asp/Glu/Glu/Lys/Asn/Ser pattern in 42 of the 65 proteins with residue positions matching with some of those reported for the calcium co-ordination sphere. 61 The pattern detected along with the bound metal ion is shown for two representative proteins ( Figure 9(b) ). Our results reflect accurately the number of calcium-binding sites in each protein.
For example, PDB structure 1jba has four EF-like motifs but has only two calcium-binding sites. 62 We detect these two sites accurately. Also, several proteins have lost the ability to bind calcium despite the presence of an EF-like motif. For example, Cdc4p contains four EF-hand motifs but does not bind calcium (1ggw). 63 We did not detect the above pattern in several such proteins that do not bind Ca Non-redundant representative members of a superfamily were chosen from the SCOP database 29, 30 to create a protein set unless mentioned otherwise. Recurring patterns of highest statistical significance from each protein set are reported without using a bias about the known functional sites in the protein set. The various deviation and RMSD cutoffs used during the DRESPAT run are as follows: C a and C b deviation cut-off: 6.5 Å and 5.5 Å respectively and the RMSD cutoff of 1.0 Å . a k and n are recurrence frequency and protein set size (number of proteins), respectively. b The PDB codes are separated by commas followed by the residue positions when several non-redundant PDB structures shared the residue positions of the recurring patterns. Likewise, multiple patterns, when present in one PDB structure, are separated by commas. The PDB structures in which a given pattern was not detected are reported against each pattern in order to complete the list of PDB structures used in a give protein set.
c The serine protease protein set was constructed using representative members from trypsin like superfamily and subtilisin-like superfamily.
Concanavalin A-like lectins/glucanases
Lectins are a class of proteins with polyvalent affinity for oligosaccharides and are present as homodimers/tetramers. Their carbohydrate specificity is similar to antigenic recognition by antibodies. Lectins are important due to their application in identifying blood group-determining oligosaccharides. Lectins typically bind two metal ions per subunit: 64 and Mn 2þ co-ordination sites in lectins (Figure 9(c) ), where the two ions are reported to be 4.8 Å apart in lectin I from Ulex europaeus. 64 -66 This pattern was not detected in any of the glucanases or any "nonlegume lectin" member of the superfamily. This is consistent with the reported lack of Ca 2þ and Mn 2þ Figure 9 (legend on page 967)
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ligand-binding sites in glucanases as well as galectins (mammalian lectins).
67,68
Medium-size protein sets (between 16 and 50 proteins) (Table 3) Ser/His/Asp/Thr tetrad in lipases Lipases (triacyl glycerol hydrolase; EC 3.1.1.3) are used widely to catalyze hydrolysis and esterification reactions of a wide variety of substrates. In addition to the Ser/His/Asp(Glu) catalytic triad, data have been accumulated on the oxyanion hole, the lid and other residues involved in catalytic activity and selectivity of lipases. 69, 70 In lipases from filamentous fungi, a Ser or Thr side-chain is postulated to add to the third hydrogen atom to the stabilization of the oxyanion. 71 Our results confirm Ser/His/Asp as the most frequently recurring pattern in lipase structures with an additional Thr detected as a recurring residue in the vicinity of the catalytic triad. The Thr side-chain is within hydrogen bonding distance of the oxyanion and potentially plays a role in the transition state stabilization (Figure 9(d) ).
Cys/His/Asn(Asp)/Gln tetrad in cysteine proteases
In the majority of cases, the catalytic triads of cysteine proteases include an Asn rather than an Asp residue. An Asp residue has been found in the triad in arylamine N-acetyltransferase 72 and a human deubiquitinating enzyme, UCH-L3. 73 Based on structural and mutational studies, the oxyanion is proposed to be stabilized by hydrogen bonding with peptide nitrogen atom of catalytic cysteine and amide nitrogen atom of a Gln residue in papain as well as in human cathepsin K. 74, 75 However, an equivalent Gln residue is missing from some members of the cysteine protease superfamily, such as the arylamine N-acetyltransferase enzymes from Salmonella typhimurium and Mycobacterium smegmatis. 72, 76 In addition, several Trp residues are conserved across various cysteine proteases. Recently, one of the Trp residues has been shown by site-directed mutagenesis studies to be vital for activity in transglutaminase, 77 and has been proposed to play a role in stabilizing the transition state. Our results show a Cys/His/ Asn(Asp)/Gln tetrad recurring in 18 of the cysteine proteases, while a larger pattern containing an additional Trp was recurring in nine proteins. Of these, the catalytic triad residues are in agreement with those reported in the literature. 73, 76, 78, 79 Moreover, the sequence position of the recurring Gln residue matches with that for the oxyanion Gln residue of papain as proposed by Menard et al. 75 In other structures, the Gln is within hydrogen bonding distance of the oxyanion and appears to contribute to the stabilization of transition state (Figure 9(e) ). This Gln was not detected in the arylamine N-acetyltransferase family (PDB codes 1gx3 and 1et2). The conserved Trp appears only in proteins of the papain-like family.
Cys/His/His/Met/Asn copper coordination site Blue copper proteins are electron transfer proteins with unusual spectroscopic properties (UVvisible and electron paramagnetic resonance (EPR)) and an exceptionally high redox potential. Blue copper proteins, including multicopper oxidases, feature a number of copper centers as part of their overall catalytic apparatus. 54 The active site has two His residues and one Cys residue as the strong equatorial ligands and Met, Leu, Phe, or Gln as a weak axial ligand. Thus, the four ligating residues form a distorted tetrahedron. One of the His residues is located on a b strand, while the other three are close together in the C-terminally located loop region. DRESPAT analysis of the 39 representative PDB structures Figure 9 . The important recurring patterns observed in the protein families. Two or three representative structures, superimposed on each other, are shown for each family. Separate panels are used for distinct patterns observed in a given family. Metal ions are shown in spacefill mode wherever they are present within hydrogen bonding distance of the detected patterns. (a) Serine protease: 4cha, blue; 2sfa, red; 1azz, green; (b) EFhand: 1tn4, red; 5tnc, blue; (c) concanavalin A-like lectins: 1azd, red; 1les, blue;1lul, green; (d) lipases: 4lip, red 1cvl, blue; 1ex9, green; (e) cysteine protease: 1atk, red; 1gec, blue; 1fh0, green; (f) cupredoxin: 1aac, red; 1aq8, blue;1ag6, green; (g) ferritin: 1xsm, blue; 1xik, green; (h) cytochrome c: 1jju, red; 1jmx, blue; 1cyi, green; (i) a-amylase:
1amy, red;1aqh, blue, 1bf2,green; (j) aspartoyl protease: 1sme, red; 1htr, blue; 1b5f, green; (k) phospholipase A2: 1ijl, blue; 1ae7,green, (l) phospholipase A2: 1cl5, red; 1gmz, blue; (m), glutathione-S-transferase: 1aw9, red; 1e6b, blue; 1hna, green; (n) glutathione-S-transferase: 1fhe, red; 1gta, blue; (o) glutathione-S-transferase: 1gsy, red; 1f3a, blue; 1hna, green; (p) SH3-domain: 1ad5, red; 1qwe, blue; (q) zinc finger: 1sp2, red; 1zaa, blue; 1yui, green; (r) ferredoxin: 1fb3, red; 1fnb, blue; 1jb9n, green; (s) peroxidase: 1bgp, red; 2atj, blue; 1qgj, green; (t) peroxidase: 1bgp, red; 2atj, blue. 1axd-a, 1e6b-a, 1eem-a, 1fhe-a, 1fw1-a, 1g7o-a, 1gnw-a, 1gsu-a, 1gta-a, 1hqo-a, 1k0m-a, 1pd2, 1pmt , 3fyg Refer to the footnote to Table 2 for RMSD and deviation cutoffs, reporting conventions and protein sets.
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K. SH3 domain
from the cupredoxins superfamily from the SCOP database 30 shows Cys/His/His/Met/Asn as the most frequently recurring pattern, being present in 28 proteins. This reveals Asn as an additional residue in the copper-binding site in addition to the reported copper coordination site, which takes up an axial position, on the opposite side of the known axial ligand Met (Figure 9(f) ). It is possible that the Asn residue plays a role as a weak axial ligand of the copper. On the primary sequence, we observe that the Cys/His/His/Met/Asn pattern follows the motif H -N -X 38 -44 -C-X 2 -4 -H-X 2 -4 -M, with the Asn lying on the b strand. It is possible that some proteins contain a Cys/His/His/Leu or Cys/His/His/Phe pattern with Leu or Phe in the axial ligand position. However, since the DRESPAT program ignores the hydrophobic residues, these potential patterns are not detected.
Asp/Glu/Glu/Glu/His/His metal co-ordination site in ferritin
The ferritin-like superfamily contains ferritins and ribonucleotide reductase families (SCOP). Ferritins are iron storage proteins that oxidize Fe 2þ to Fe 3þ , 80 while ribonucleotide reductases catalyze reduction of all four ribonucleotides and contain a dinuclear iron center as a part of the catalytic machinery. There is an increasing interest in the development of inhibitors of ribonucleotide reductases as anticancer, antibacterial and antiviral drugs. Our results show an Asp/Glu/Glu/Glu/ His/His pattern conserved in 13 of the 20 proteins in this superfamily. The amino acid positions match with the reported iron ligands ( Figure  9(g) ). 80 -83 Interestingly, the pattern was observed only in the structures that are known to bind iron. Other members of the superfamily, such as 1mfr or 1exs, do not contain this pattern and were probably assigned to this SCOP superfamily on the basis of overall fold similarity rather than "iron-binding" function.
Cys/Cys/His/Met/Tyr heme co-ordination site in cytochrome c Class I, c-type cytochromes, functionally diverse redox proteins of 80 -130 amino acid residues, are characterized by a common N-terminal heme co-ordination sequence of C -X 2 -C -H, with His and Met residues as extra-planar ligands. 84 In both prokaryotes and eukaryotes, cytochrome c Refer to footnote to Table 2 for RMSD and deviation cutoffs, reporting conventions and protein sets.
functions to transport electrons between two integral membrane energy-transducing complexes. Amino acid positions of the observed recurring pattern match with the reported heme co-ordinating site (Figure 9(h) ). However, the role of Tyr has not been reported.
Asp/Asp/Asp/Glu/His/Arg/Tyr active site in aamylases
Despite differences in the amino acid sequences, members of this superfamily have similar 3D structures, with three domains. 85 a-Amylases have two conserved Asp residues and one Glu residue that are considered as the catalytic residues on the basis of structural and site-directed mutagenesis studies. We detected the Asp/Asp/Asp/Glu/ His/Arg/Tyr pattern where the residue positions match with those reported for the active-site Asp, Glu and His residues. 85 -87 Of these, Glu acts as a general acid, while one of the Asp residues acts as a general base (Figure 9(i) ). The pattern detected in the PDB structure 1bag, which is the X-ray crystal structure of a catalytic-site mutant Glu208 ! Gln of a-amylase from Bacillus subtilis, lacked the Glu residue. 88 Two His residues are reported to be located around the active site, with at least one of them involved in hydrogen bonding with the catalytic Asp. 88 The Tyr has been implicated in stacking interactions with the glucose moiety adjacent to the scissile glucosidic bond, 88 while the roles of the other active site residues are not well defined.
Asp/Asp/Thr/Thr catalytic tetrad in aspartoyl proteases Acid proteases or aspartoyl proteinases are characterized by the presence of two Asp residues at the active site in a complex network of hydrogen bonds with other residues. Acid proteases can be broadly divided into two groups: the pepsin like and the retroviral enzymes. 53 The pepsin-like enzymes are monomers containing between 320 and 360 amino acid residues, with a 2-fold symmetry between the two lobes of the molecule. 53 The retroviral enzymes have between 99 and 150 amino acid residues existing as dimers in their active form. 53 The retroviral enzymes are of significant interest as therapeutic targets. The Asp/Asp/ Thr/Thr pattern was detected in 24 of the 28 proteins. This tetrad is composed of Asp x -Thr xþ1 and Asp y -Thr yþ3 diads separated by ca 183 residues in pepsin-like enzymes (Figure 9(j) ). In retroviral enzymes, the two dyads are from two different monomers. This active-site structure composed of two dyads has been well documented. 53, 89 These results show that DRESPAT is able to extract the functionally relevant pattern as the most frequently recurring pattern even in a highly conserved family of aspartoyl proteinases.
An active site and a structural site in phospholipase A2
Phospholipase A2 (PLA2) are low molecular mass enzymes containing between 110 and 125 amino acid residues, are distributed widely in the animal world and have been classified into groups I and II. 90 -92 The enzymes from second group have a C-terminal extension of five to seven amino acid residues. PLA2s vary considerably in their primary and quaternery structure, in their toxicity and in their enzyme activity. PLA2s share a common qualitative catalytic property but differ greatly in their pharmacological properties. Yet, a significant degree of homology is observed between tertiary structures of various PLA2s, which typically are made of three helices, two short helices, a b-wing and six to seven loops. 90 The catalytic site has been reported to comprise of one Asp, one His and two Tyr residues. 93 We observed an Asp/His/ Met/Gln/Tyr/Tyr pattern recurring in 19 of the 20 proteins of this superfamily with matching residue positions with the reported active site. 89 -91 The conserved Gln has been implicated in hydrogen bonding with the catalytic Tyr (Figure 9(k) ). 94 The role of the detected Met residue has not been reported. This patterns was not detected in the insect PLA2 (PDB code 1poc). In addition, we detected an Asp/Asp/Asn/Thr/Tyr/Tyr/Tyr pattern away from both the active site and the calcium-binding site, and was conserved in all 20 of the proteins (Figure 9(l) ). The pattern draws three residues from helix 2 (Asp38, Thr40 and Asp42), two residues from loop 2 (Tyr22 and Tyr25), one residue from short helix 5 (Tyr113) and one residue from the C-terminal end (Tyr118) (numberings for 1vip). Such an arrangement with possible stacking interactions among the Tyr residues is potentially important for maintaining the structure of PLA2s.
Asp/Glu/Lys/Ser active site in restriction endonucleases
Type II restriction endonucleases usually recognize a short palindromic sequence between 4 bp and 8 bp in length. In the presence of Mg 2þ , hydrolysis of phosphodiester bond is catalyzed at a precise location within or close to this sequence. 95 Structural studies have revealed the surprising fact that, despite the absence of readily detectable sequence similarity, all type II enzymes fold into one of two topologies defined by the original examples, Eco RI and Eco RV. 96 On the basis of the structures of enzyme-DNA complexes and protein primary sequence, a conserved cluster of Asp, Glu and Lys is thought to be involved in the active site. These residues come from the loosely conserved DX n (E/D)ZK motif (where Z is a hydrophobic residue). We detect an Asp/Glu/Lys/Ser pattern in 18 of the 21 structures. The residue positions match with the reported active-site residues for several enzymes, such as BgI (PDB code 1dmu 95 ), Bam HI (PDB code 1bam 97 ), Fok I (PDB Recurring Structural Patterns in Protein Families code 1fok), Eco RV (PDB code 1rva) and Bse634I (PDB code 1knv 98 ). However, a complete disagreement was observed in the reported active-site residue positions for some proteins, such as Bso BI (PDB code 1dc1 96 ) and Mun I (PDB code 1d02). The reported sites Bso BI and Mun I are based on a putative DX n (E/D)ZK ion-binding motif and superimposition of overall structures rather than experimental detection of a Mg 2þ -binding site. Our detection, on the other hand, is based on structural superposition of the residues that comprise the pattern.
Novel conserved sites in glutathione-Stransferase
Glutathione-S-transferases (GST) are a family of multifunctional enzymes that metabolize a wide variety of electrophilic compounds via GSH conjugation. 99 GSTs have been grouped into several classes, namely Alpha, Mu, Pi, Theta, Sigma, Kappa and Zeta, on the basis of their physical, chemical, immunological and structural properties. Despite the low level of sequence identity between classes (often less than 20%), the 3D structures of enzymes from various classes are very similar and are typically present as homodimers. The active site of a Mu class GST is reported to consist of Asp105, Ser72 and Asn58, 100 while that of a Beta class GST comprises of Cys10, His105 and Lys107. 99 We did not detect any of the reported active sites in the recurring patterns. Three distinct recurring patterns were observed; namely, Asp/ Arg/Ser in 14 proteins, Asp/Lys/Tyr in 13 proteins and Glu/Arg/Tyr in 12 proteins of the 27 proteins. The Asp/Lys/Tyr pattern (Figure 9(m) ) appears at the protein -protein interface of the two dimers and could be important in maintaining the inter-subunit contacts. The Asp/Arg/Ser ( Figure  9 (n)) and the Glu/Arg/Tyr (Figure 9 (o)) patterns are away from the protein-protein interface and could be examined as further potential functional sites.
Ligand-binding sites in the SH3 domain
The SH3 domain, a ubiquitous protein module with approximately 60 residues, is present in many signaling proteins, regulatory proteins and structural proteins. 101 Through binding to Arg, Leu or Pro-rich motifs in target proteins, SH3 proteins are able to assemble multimeric signaling complexes. The NMR structure of a complex between the SH3 domain and a model peptide reveals the peptide-binding site of SH3 to be composed of two Try residues, one Trp residue and one Phe residue. 102 We detect the Asp/Asn/Ser/ Trp/Trp/Tyr/Tyr patterns in 19 of the 27 proteins. The residues of the recurring patterns match with the reported ligand-binding subsites of the SH3 domain (Figure 9(p) ). 101 -103 In fact, the detected patterns span three to four subsites of the proposed ligand-binding sites.
Small protein sets (with 15 or fewer proteins) (Table 4) Cys/Cys/His/His metal coordination sites in zinc finger proteins Zinc finger proteins constitute one of the biggest families of transcription factors and can be divided into many subclasses on the basis of, among other things, the number and type of zinc fingers they contain. In proteins containing zinc finger motifs, the cysteine and/or histidine metal ligands within the motif fold in a tetrahedral configuration around a central zinc ion. 104, 105 Members of the classical zinc finger superfamily (SCOP nomenclature 30 ) each contain one to six tandem Cys 2 -His 2 zinc finger motifs. 106 -110 The DRESPAT program detected the Cys/Cys/His/His structural pattern in all the 14 representative PDB structures, which is the zinc coordination site known to be specific to the classical zinc finger (Figure 9(q) ). 111, 112 In fact, the pattern recurs at one to six distinct places within a chain of zinc finger protein. The number of recurrences of the pattern was found to be equal to the number of zinc ions bound to the given chain. For example, the PDB file 2GLI contains the Cys/Cys/His/His pattern in five places and has five zinc-binding sites.
Cys/Met/Ser/Thr/Tyr active site in ferredoxin Ferredoxin (flavadoxin)-NADP þ oxidoreductase catalyzes the reversible transfer of electrons between pyridine nucleotides and flavodoxins or ferrodoxins. 113 The monomeric molecule is divided into two distinct domains, the FAD-binding and NADP-binding domains, which are connected only with one covalent connection 113, 114 and is true about all ferredoxins. Members of this superfamily share a low level of sequence similarity but a high level of structural similarity. Certain Arg and Glu residues are proposed to be part of the FAD-binding site, while Cys and Ser residues are reported to be in the active site. We observe a Cys/Met/ Ser/Thr/Tyr pattern in seven proteins, while a subset pattern, Cys/Met/Ser/Thr, in 12 proteins of the 14 proteins in the input set ( Figure 9(r) ). Of these, the Cys, Ser and Thr residue positions match with the proposed active site of spinach ferredoxin reductase. 115 The Met and Tyr residues have not been reported to participate in the active site. An independent pattern, Cys/Asp/Glu/His/ Arg/Tyr, was present in seven proteins. The amino acid residues of this pattern lie in the groove between the two domains of the monomeric protein. This region could be important in maintaining interactions between the two domains and potentially critical for activity. These residues have not been reported to participate in either catalytic machinery or the co-factor binding. On the other hand, the reported co-factor binding residues, such as Tyr235, Gln237, Ser223, Arg224, Arg233 and Tyr235 (1que numbering 114 ), have not been found to be part of any of the significant recurring patterns in our studies.
The proximal heme-binding and distal cationbinding sites in peroxidases
The majority of known peroxidases belong to the plant peroxidase superfamily, which is characterized by a central heme group sandwiched between a distal and a proximal protein domain. The proximal heme side of peroxidases typically has His as a proximal ligand of the heme iron, where the His is hydrogen bonded to the invariant proximal Asp. 116 The Asp is, in turn, hydrogen bonded to a Ser residue and a Thr residue. In addition, two cation-binding sites are found in peroxidases: the proximal cation-binding site and a distal cationbinding site. The latter site is characterized by two Asp residues. We detect two recurring patterns. The Asp/His/Gln/Ser/Thr/Tyr pattern is located in the proximal heme binding site, with the residue positions of Asp, His, Ser and Tyr matching with the reported active-site residues (Figure 9 (s)), 116, 117 while the Asp/Asp/His/Arg/Ser pattern is located in the distal cation-binding site, with the two Asp acid residue positions in agreement with the reported distal cation ligands (Figure 9(t) ).
Discussion
This is the first report of an objective analysis of recurring structural patterns in protein families. The attempt to enumerate all patterns of a protein is a novel feature of the approach. The fact that the method does not require a user-defined pattern, location or even size of the pattern is a significant improvement over the methods reported to date. Contrary to the claims made by Russell, 37 we show clearly that it is not feasible to extract biologically meaningful patterns from an evolutionarily related protein pair. This results in a high false positive rate at RMSD cut-off values of ca 1 Å with a large number of patterns detected as common to the protein pair. On the other hand, a high false negative rate is observed at RMSD cut-off values of ca 0.1 Å , as this RMSD tolerance is far below the typical resolution of an X-ray crystallographic or NMR structure. A correlation between the recurring pattern and biological site was observed for protein sets with five or more proteins.
Our detection of patterns is biased, as we have used 13 charged/polar amino acids, Asp, Asn, Arg, Glu, Lys, Ser, Trp, Cys, Gln, His, Met, Thr, Tyr, and ignored the hydrophobic amino acids. Thus, we envisage the number of patterns detected to be strongly dependent on the amino acid composition of the protein in addition to the size of the protein. This is evident from the wide scatter observed while plotting the number of patterns against the number of amino acid residues in the protein ( Figure 5 ). In addition, our bias in selection of amino acids has led to detection of patterns close to the protein surface as we ignore the hydrophobic amino acids, which typically make up the hydrophobic core of the protein.
The plot of statistical significance of a recurrence frequency of a pattern ( Figure 7 ) provides a basis for selecting the patterns for further analysis. Varying the RMSD cutoff value between 0.5 Å and 1.3 Å did not affect the results significantly (data not shown). With higher RMSD cutoff values,a larger number of recurring patterns was detected, which leads to lower statistical significance for a given recurrence frequency of the pattern. Thus, the statistical significance of a given recurring pattern did not change noticeably upon changing the RMSD cutoff between 0.5 Å and 1.3 Å , although the recurrence frequency changed slightly. However, at RMSD cut-off values of less than 0.5 Å , a significant false negative rate was observed with several known similar pattern pairs returned with a "not similar" value. Also, in some cases, a reported active site is shared by a small number of PDB entries belonging to a larger family. Due to our strategy of reporting patterns with recurrence frequency above a certain threshold, biologically significant patterns with a low frequency of recurrence are not reported. An example of a missed pattern is the Ser/His/Glu active-site pattern shared by a relatively small number of lipases, while we detect the Ser/His/Asp pattern, which is present in a majority of the lipases. This can be viewed as a potential drawback of the method.
The results have been broken into three artificial categories on the basis of the number of nonredundant PDB structures available in each SCOP superfamily. We have detected biologically relevant patterns in all 17 of the protein sets, irrespective of the size of the protein set. We present an analysis on the minimum number of PDB structures required in the protein set to detect the golden pattern. From three to five PDB structures enable retrieval of the golden pattern in most cases (data shown for two protein sets). Distinguishing between patterns of biological significance and random occurrences has been relatively straightforward for the test families used here. We observe that the statistically significant recurring tetrads, pentads and hexads typically correspond to the functionally relevant sites. This was not necessarily true about the triads. For example, in cysteine proteases, several triads were observed with recurrence frequency greater than that for the active site Cys/His/Asn(Asp). On the other hand, the biologically relevant Cys/His/Asn(Asp)/Gln/ Trp and Cys/His/Asn(Asp)/Gln patterns were the most recurring pentads and tetrads, respectively. Similarly, in zinc finger proteins, the Cys/ Cys/His/His pattern was the only tetrad recurring in all of the 14 representative members of the family. Likewise, Cys/His/His/Met/Asn was the only pentad with a recurrence frequency much above the threshold value in the cupredoxins. This is true of all the protein sets presented here. In ferritin, EF-hand and lectins, superfamilies of the SCOP database are characterized by their metal ion-binding abilities. Several proteins from each of these superfamilies have lost the ion-binding capability despite overall structural similarities. Based on the recurring patterns, we could distinguish proteins or domains that bind metal ions from those that do not.
Due to our strategy of evaluating all possible patterns of three to six amino acid residues, when a recurring hexad or pentad is observed, all possible subsets of this pattern are detected as recurring patterns. Therefore, we chose to analyze the DRESPAT results in descending order of the size of the pattern. As an example, the reported functional site pattern in cysteine proteases is a triad, but we detected a tetrad and pentad with much greater statistical significance.
In all of the 17 protein families considered here, the known functional sites have been detected as the most frequently recurring patterns. The DRESPAT method has uncovered additional recurring residues in the vicinity of the known functional sites (Figure 8 ). In serine proteases and lipases, the Thr residue detected is within hydrogen bonding distance of the oxyanion hole and probably plays a role in transition-state stabilization. In cysteine proteases, the results show a conserved Gln residue in the vicinity of the catalytic triad. This residue has been implicated in transition-state stabilization in some of the reported structures. 75 Similarly, in blue copper proteins, the Asn residue appears to take up an axial position in the copper coordination site and probably serves as the fifth ligand for the copper ion. It is possible that the Asn residue plays a role in the long-range electron transfer, which is a characteristic feature of cupredoxins. The Thr residue detected in serine proteases and lipases or the Asn residue detected in copper proteins have not been implicated in function. Energy calculations, theoretical studies of the patterns and mutagenesis studies of the newly uncovered recurring residues would provide more insights into the functional role of these residues.
With the exceptions of the zinc finger, cupredoxin, EF-hand, and cytochrome c, the detected recurring structural patterns do not follow any sequence motif at the level of protein primary amino acid sequence. Thus, it would not be possible to detect such patterns on the basis of sequence alignment alone. Also, the patterns reported here cannot be detected using the algorithms that are meant for overall structure comparison and alignment. The method can be applied in identifying functional sites and predicting function, as well as in classification of proteins based on recurring patterns. Future improvements of the method could include detection of patterns composed of main-chain atoms in addition to the side-chain atoms as described here, as several main-chain nitrogen or oxygen atoms are known to play a role in catalysis.
Availability of the computer program
A Cþþ implementation of the DRESPAT program can be obtained from the authors.
